Organic Electronics 24 (2015) 219-226

Contents lists available at ScienceDirect

Organic
Electrig§

Organic Electronics

journal homepage: www.elsevier.com/locate/orgel

Electrochemical synthesis and electrochromic application of a novel
polymer based on carbazole

@ CrossMark

Aysel Aydin Kocaeren

Siileyman Demirel University, Faculty of Education, Organic Materials Research Lab., 32260 Isparta, Turkey

ARTICLE INFO ABSTRACT

Article history:

Received 24 April 2015

Received in revised form 1 June 2015
Accepted 2 June 2015

Available online 3 June 2015

The compound containing carbazole and thiophene, named as B1 was synthesized with
4-(9H-carbazol-9-yl) phenol and 3,4-dibromo thiophene. Additionally, the electrochemical polymer of
B1 was synthesized and coated onto an ITO-glass surface via electrochemical oxidative polymerization.
The electrochemical synthesis of the polymer was performed both in 0.05 M LiClO,4 supporting electrolyte
in AN/BF3EtE (1:1, v/v) and an AN/LiClO,4 solvent/electrolyte solution. The compounds were characterized
by FT-IR and NMR techniques. The spectroelectrochemical and electrochromic properties of this polymer

gfé’c v::()l‘dz.‘l merization were also investigated for two electrolyte solution systems. The switching ability of this polymer was
Thiopthey measured as the percent transmittance (%T) at its point of maximum contrast. According to the elec-
Carbazole trochromic measurements, the synthesized polymer had a blue color when it was oxidized, and also

when it was reduced, it had a transparent color. Additionally, redox stability measurements indicates that
the polymer had a high stability and it could be used to produce new polymeric electrochromic devices

Spectroelectrochemistry

and also, it was a good candidate for electrochromic devices (ECDs) applications.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

Electrochromic materials have the reversible color change of an
electro-active material through an electrochemical oxidative reac-
tion [1-3]. These materials, which are able to exhibit color and
transmissivity changes upon an electrical effect, and they are
envisaged to be applied in a wide range of applications such as
smart windows, electronic displays, LED devices and camouflage
textiles [4-6]. Electrochromic materials that are prepared through
an electrochemical polymerization technique form an insoluble
polymer film directly on the ITO substrate. Processable polymeric
EC materials [7-15] are thus highly sought after to lower the pro-
duction cost and hence to render more competitiveness for the
commercialization of these materials.

Many semi-conducting polymeric materials have recently been
synthesized via electropolymerization [16]. Some of these synthe-
sis methods, including copolymerization with the bonding of cer-
tain functional groups [17-21] modified with electro-active
moieties such as, thiophene [22], fluorine [23], carbazole and pyr-
role, which have been used to form electrochromic polymers with
useful properties for their various applications [24-25].

Recently electrochromic applications have been developed
rapidly, and also more electrochromic polymers are needed. The
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color scale is a very important for electrochromic applications.
Therefore, there is a need to the synthesis of new polymers.

Herein in this study, we primarily aimed to investigate whether
the electrochromic properties of the synthesized monomer (B1).
Additionally, we reported the electrochemical synthesis of a new
polymer containing carbazole and thiophene units. For this
purpose, the compound named as B1 was first synthesized via
HBr elimination [26,27]. Then, the named polymer as
poly-bis-4-(9H-carbazol-9-yl) phenyl-3,4-diyloxy thiophene P(B1)
was synthesized via electrochemical polymerization both in
0.05 M LiClO4 supporting electrolyte in AN/BF3EtE (1:1, v/v) and
an AN/LiClO, solvent/electrolyte solution. UV-vis, FT-IR, 'H-NMR
and CV were used for structural characterization. According to
the obtained data, the synthesized polymer could be used in elec-
trochromic devices applications.

2. Experimental
2.1. Materials

Carbazole, potassium carbonate (K,COs3), potassium hydroxide
(KOH), 18-Crown-6, ethanol, methanol, chloroform (CHCls), ace-
tonitrile (AN), tetrahydrofuran (THF), 3,4-dibromo thiophene and
toluene were supplied from Merck Chemical Co. (Germany) and
used as received. 4-iodo phenol was supplied from Aldrich
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Chemical Co. (USA). 18-Crown-6 was used as phase transfer catal-
ysis. Boron trifluoride ethyl etherate (BF3EtE) was supplied from
Fluka Chemical Co.

2.2. Synthesis of 4-(9H-carbazol-9-yl) phenol (A1)

Firstly, carbazole (1.672 g, 0.01 mol), KOH (0.842 g, 0.015 mol),
18-Crown-6 (0.01 g, 0.04 mmol) as phase transfer catalysis were
dissolved in toluene (20 mL) and this reaction mixture was vigor-
ously stirred at 110 °C under argon for 1h. A solution of 4-iodo
phenol (3.3 g, 0.015 mol) in toluene (10 mL) was slowly added to
this reaction mixture, and it was refluxed at 110 °C under argon
and stirred for 16 h (Scheme 1). The reaction mixture was then
cooled to room temperature. Then, the reaction mixture poured
into the 150 ml of ethanol and stripped off by a rotary evaporator.
The product was recrystallized from methanol and dried in a vac-
uum desiccator [28]. (Yield: 60%).

A1: FT-IR (cm™!): v (O—H, phenolic) 3170 m, v (C=C phenyl)
1560, 1475 s, v (C—N) 1450 s, v (C—0) 1236 s. 'TH NMR (DMSO):
oy ppm, 7.512, 7.492 (d, 2H, Ha), 7.411, 7.391, 7.374 (t, 2H, Hb),
7.183, 7.164, 7.144 (t, 2H, Hc), 7.271, 7.249 (d, 2H, Hd), 8.129,
8.110 (d, 4H, He, Hf), 11.486 (s, 1H, —OH). Calculated: C, 83.40; H,
5.02; N, 5.41. Found: C, 84.70; H, 4.85; N, 5.39.

2.3. Synthesis of B1 via HBr elimination

The  synthesis reaction of  bis-4-(9H-carbazol-9-yl)
phenyl-3,4-diyloxy thiophene (B1) had a two-stage process. In
the first stage, K,COs (0.552¢g, 0.004 mol) and Al (0.518¢g,
0.002 mol) were dissolved in THF (20 ml) and stirred for 1 h. In
the second stage, 3,4-dibromo thiophene (0.242 g, 0.001 mol)
was added to this reaction mixture. The reaction mixture was stir-
red with a magnetic stirring bar for 16 h under argon atmosphere.
This reaction solution was poured into 200 ml of water and the
precipitated crude product was collected and filtered. The obtained
compound was dried in a vacuum oven at 60 °C [29] (Yield ~50%).
B1 was obtained as a light yellow colored powder. Additionally, the
chemical structure of the compound was shown in Scheme 2.

B1: FT-IR (cm™!): v (C=C phenyl) 1627, 1598, 1490 s, v (C—N)
1450 s, v (C—0—C) 1238, v (C—S) 746, 725 s. 'TH NMR (DMSO): 6y
ppm, 7.518, 7.497 (d, 4H, Ha, Hd), 7.419, 7.399, 7.381 (t, 2H, Hb),
7.189, 7.170, 7.150 (t, 2H, Hc), 8.133, 8.114 (d, 4H, He, Hf), 7.885
(s, 1H, Hg). Calculated: C, 80.17; H, 4.34; N, 4.68. S, 5.34. Found:
C, 79.84; H, 5.24; N, 5.01; S, 5.30.

2.4. Electrochemical polymerization

Cyclic voltammetry (CV) measurements were performed using
an Ivium potentiostat at different potential scan rates. CV was
employed to assay the electrical activity of the compounds and
determine their oxidation-reduction peak potentials. The system
consists of a CV cell containing an indium tin oxide (ITO)-coated
glass plate as the working electrode, platinum wire as the counter
electrode and Ag wire as the reference electrode. The CV measure-
ments were separately performed using both a (0.05M)

_18-Crown-6,KOH N
Toluene, 110°C 16 h

Srele

OH

Scheme 1. Synthesis of 4-(9H-carbazol-9-yl) phenol (A1).

LiClO4/acetonitrile (AN:BF3EtE) (1:1, v/v) and LiClO4/acetonitrile
(AN) without BF3EtE solvent mixture at room temperature during
200 s [30]. The electropolymerization reactions involved dissolving
B1 (0.1 M) in 10 ml of supporting electrolyte in AN, and placing the
resulting solution into the CV cell. Next, the solution was repeat-
edly scanned between —0.1 and 1.2 V. The resulting polymer films
were washed with AN to remove LiClIO, and BF;EtE [31]
(Scheme 3).

2.5. Structural characterization

The FT-IR spectra of the compounds were recorded on a Perkin
Elmer RX I FT-IR spectrometer with KBr pellets in the range 4000-
400 cm~!. 'H NMR spectra (Bruker AC FT-NMR spectrometer oper-
ating at 400 and 100.6 MHz) were also recorded using DMSO-dg as
the solvent at 25 °C. Tetramethylsilane was used as an internal
standard. An Ivium potentiostat was used to supply a constant
potential during the electrochemical syntheses and cyclic voltam-
metry experiments. An Agilent 8453 UV-vis spectrophotometer
was used for the spectroelectrochemical studies and characteriza-
tion of the compounds.

2.6. Spectroelectrochemical characterization

The polymer films, which had been electrochemically deposited
onto ITO-coated glass slides, were used to perform the spectroelec-
trochemical experiments. Spectroelectrochemical and elec-
trochromic measurements were conducted in a LiClO4/AN
solution using an Ag wire as the reference and a Pt wire as the aux-
iliary electrode. The data obtained from the cyclic voltammetry
measurements were used for the spectroelectrochemical measure-
ments of the polymer film [32]. These measurements were per-
formed to account for the absorption spectra of the polymer film
under the applied potentials. The spectroelectrochemical cell
included a quartz cuvette, an Ag wire (RE), a Pt wire counter elec-
trode (CE) and the polymer film on ITO/glass as a transparent
working electrode (WE). These measurements were performed in
a 0.05 M LiClO4 supporting electrolyte in both AN/BF;EtE and only
LiClO4/AN without BF5EtE. Cycle number was chosen as 5 for each
CV measurements [33].

3. Results and discussion
3.1. NMR spectra and FT-IR spectra

Synthesized compounds have different colors like light yellow
and violet. While A1 has a violet color, B1 has a light yellow.
Additionally, when A1 is a crystalline structured, B1 is a powder
form.

The FT-IR spectra of the synthesized compounds are recorded.
4-(9H-carbazol-9-yl) phenol (A1), which possesses a phenolic
—OH stretching peak, C—N and C—O peaks at 3170, 1450 and
1236 cm™!, respectively [34]. The FT-IR spectrum from Al shows
that the —NH peak belong to carbazole unit disappears after the
reaction [35]. This indicates that the reaction takes place and that
the target product form. The results of these FT-IR studies clearly
indicate that polymerization is successfully achieved.

The FT-IR spectrum from B1 shows the following absorption
peaks: 1627, 1598 and 1490 cm™! (from the aromatic C=C stretch-
ing), 1238 cm™! (from the C—O stretching), 1450 cm™! (from the
C—N stretching) and 746, 725cm™' (from the C—S stretching)
[20,34]. Due to thiophene groups in the structure of B1, the peak
related to C—S bonding is observed at 746 and 725cm™’, as
expected [36]. Moreover, the presence of these peaks confirms that
the reaction successfully occurs.
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Scheme 2. Synthesis of bis-4-(9H-carbazol-9-yl) phenyl-3,4-diyloxy thiophene (B1).
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Scheme 3. Electrochemical synthesis of poly-bis-4-(9H-carbazol-9-yl) phenyl-3,4-diyloxy thiophene P(B1).

The FT-IR spectrum of poly-bis-4-(9H-carbazol-9-yl)
phenyl-3,4-diyloxy thiophene P(B1), which is synthesized via elec-
trochemical polymerization, is shown in Fig. 1. As seen in Fig. 1, it
can be said that the peak at 3207 cm ™! comes from humidity in the
polymer. The peak at 1600 cm™! is related to —NH (—CH=N—)
group in the carbazole units [32,33,35]. The peaks at 1543 and
1447 cm™! are attributed to the aromatic C=C stretching in the
carbazole, the phenolic benzene and thiophene groups. The C—C
stretching peak is observed as a widespread and sharp peak at
1038 cm™!, as expected. This peak clearly confirms that the elec-
tropolymerization reaction successfully occurs. Also, it can be said
that the polymer is successfully obtained.

According to 'H NMR spectrum of A1, the characteristic peak
related to phenolic —OH group is obtained at 11.486 ppm, as
expected [37]. The protons related to carbazole units are observed
in the range of 7.512 and 7.144 ppm. Briefly, the 'H NMR spectrum
of A1 shows resonance signals for protons from the phenolic —OH,
carbazole group and benzene rings [38]. The characteristic signals
at 8.129,8.110, 7.512, 7.492,7.271,7.49, 7.411, 7.391, 7.374, 7.183,
7.164 and 7.144 ppm are attributed to the carbazole moiety and
benzene rings in the structure of Al. It indicates the reaction had
gone to completion. Additionally, the peak at 11.486 ppm is related
to the phenolic —OH group, which is observed as a splayed peak.
The named as Hb and Hc in the structure of A1 are obtained as a
triple peak, as expected. This result completely explains the mono-
mer structure (A1).

For B1, a new peak signal is observed in its spectrum due to add
to 4-(9H-carbazol-9-yl) phenol of thiophene group and this signal
is attributed to thiophene group. In its spectrum the named proton
as Hg is observed as a single peak at 7.885 ppm, as expected [35].
This confirms that it is added to the structure of thiophene.
Additionally, as seen in its FT-IR spectrum it can be clearly seen
that C—0—C bonding forms at about 1238 cm™! (Fig. 2).

3.2. Cyclic voltammetry

Thiophene derivatives readily undergo a one-electron oxidation
to form a radical cation (polaron) when their o-positions are

unsubstituted. Kaya and his friends explained the mechanism of
electrochemical polymerization progressing on thiophene units
[39]. Continual oxidation affords higher ordered oligomers via a
radical coupling mechanism that ultimately forms a polymer
[40]. In literature, electrochemical reaction mechanism is
described in detail by Darmanin and Guittard [41]. As known,
electro-active groups as carbazole, pyrrole, thiophene are expected
to be firstly oxidized species and the polymerization starts by
forming the polaron structure (radical cation) of carbazole, which
obtains by applying the potential. Thus, the monomer oxidizes to
form its radical cation. The other monomers (carbazole, thiophene,
pyrrole etc.) are added to these radical cations (called polarons).
After reduction process, the polymer chain is extended by adding
the monomer units. The studies related with the electropolymer-
ization progressing on carbazole units are available in literature.
According to literature, it can be said that the electrochemical
polymerization progresses on carbazole units up to 1.3 voltage
[42,43].

The cyclic voltammogram of P(B1) in an AN/LiClO4 solvent/elec-
trolyte solution namely the absence of BF3EtE possesses one con-
secutive oxidation peak at 0.95V and one reduction peak at
about 0.75V when it is scanned from +0.3 to +1.4 V. As seen in
Fig. 3a, the increasing oxidation peak potential at 0.95V after
repeated scans for P(B1) is evidence of the electropolymerization,
the formation of a poly-conjugated structure and a reduction in
the electrochemical band gap. The decreasing in the peak current
after repeated scans occurs because of polymer adsorption onto
the electrode surface, which causes a sensitivity decrease in the
electrode. The decreased oxidation potential after repeated scans
is evidence of electropolymerization. The CV behavior of P(B1)
shows an increase in peak intensity for the repeated scans [44].
When the polymer is oxidized, it has a blue color between +1.0
and +1.4V, and also it has a light yellowish between +0.5 and
+0.9 V. Additionally, when the film is reduced, it has a transparent
color in the range of +0.3 and +0.5 V. To investigate the CV behavior
of the polymer P(B1), we performed CV studies in the presence of
BF3;EtE using the same experimental conditions as above (see
Fig. 3b). The measurements were performed in a 0.05M LiClO,4
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Fig. 1. The FT-IR spectrum of poly-bis-4-(9H-carbazol-9-yl) phenyl-3,4-diyloxy thiophene P(B1).

Fig. 2. "HMR spectrum of bis-4-(9H-carbazol-9-yl) phenyl-3,4-diyloxy thiophene (B1).

supporting electrolyte in AN/BF;EtE (1:1, v/v) between —0.2 and
+1.2 V potentials. The voltammograms changed drastically. There
was an incremental decrease at reduction potential and the oxida-
tion potential of P(B1) differed from those of previous voltammo-
gram. This means that the oxidation peak potential shifts to 0.7
from 0.95V, and also the reduction peak potential shifts to about
0.4V from 0.75V when it is scanned between —0.2 and +1.2 V.
After each scanning, an increase in the oxidation peak confirms
that the electrochemical polymerization reaction occurs.
Additionally, it can be clearly said that the polymer film is obtained
under these conditions, namely in the presence of BFsEtE. When

the polymer film is oxidized, a green color is obtained between
+0.8 and +1.2'V, and also it has a yellowish green between +0.5
and +0.8 V. In addition, when the polymer film is reduced, it has
a transparent color in the range of —0.2 and +0.5 V. During the
growth of the P(B1) film, as cycle number increases reduction cou-
pling shifts at a lower potential, which can be attributed to the
oxidative doping (i.e., polaron and bipolaron formation) and reduc-
tive dedoping of the formed polymer [45]. Cyclic voltammograms
of P(B1) are shown in Fig. 3a and b, respectively. Fig 3c shows CV
voltammogram of P(B1) between —0.1 and +1.2 V after 200 s. As
seen in Fig. 3¢, the polymer film is quite stable.
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Fig. 3. Cyclic voltammograms for repeated scans of P(B1) in an (a) AN/LiClO,4 solvent/electrolyte solution, (b) and (c) 0.05 M LiClO4 supporting electrolyte in AN/BF;EtE

(1:1, v/v) (scan rate: 0.4 V/s, cycle numbers: 5).

3.3. Scan rate dependence of the peak currents

Scan rate measurements were performed in a solution 0.05 M
LiClO4/AN:BF3EtE containing 0.1 M the monomer B1 at constant
potential of 1.2 V during 200 s. Scan rates were adjusted as 400,
300, 200, 100, 50, 20 mV/s, respectively (see Fig. 4a). In scan rate
study, the peak current changes were examined depending on scan
rate. The obtained graph by plotted depending on scan rate of the
oxidation and reduction peak potentials signs a linear increase.
Also, it shows that the electropolymerization is not controlled dif-
fusion and the polymer film is storaged very well onto ITO surface.
The current responses are directly proportional to the scan rate
indicating that the polymer film is electro-active and well adhered
to the electrode. The scan rates for the anodic and cathodic peak
currents show a linear dependence as a function of the scan rate
as illustrated in Fig. 4b. This demonstrates that the electrochemical
processes are not diffusion limited and reversible even at very high
scan rates [46].
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3.4. Spectroelectrochemical properties

Spectroelectrochemistry is a good method for examining
changes in the optical properties of a polymer on ITO upon apply-
ing a potential. It also provides information about the properties of
the conjugated polymer, such as the band gap (Eg) and intergap
states that appear upon doping. The polymer film was coated onto
ITO at a constant potential of +1.2 V during 200 s. After the poly-
mer film was washed with AN to remove LiClO4 and BF3EtE, its
spectroelectrochemical measurements were performed at different
potentials with 0.1 M B1 monomer concentration in 0.05M
AN/LiClO4 and LiClO4/AN:BFsEtE (1:1, v/v) electrolyte solutions
namely for two different solvent/electrolyte systems. Fig. 5a shows
the changes in the absorption spectrum of P(B1) in an AN/LiClO4
solution under various applied potentials. As the polymer devices
oxidized, the intensities of their m—7* transitions decreased, and
their charge carrier bands at approximately 800-900 nm increased
because of polaron formation [39]. However, in this study any 7-7*
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Fig. 4. (a) Exchange graph of the peak currents depending on scan rate and (b) graph of a linear dependence as a function of the scan rate.
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Fig. 5. Spectrochemistry and color changes of the polymers in (a) 0.05 M AN/LiClO,4 solvent/electrolyte solution, (b) LiClO4 supporting electrolyte in AN/BFsEtE (1:1, v/v).

transitions could not be observed in 0.05 M AN/LiClO,4 electrolyte
solution system. Therefore, spectroelectrochemical measurements
were conducted in a LiCl04/AN:BF3EtE (1:1, v/v) electrolyte system.
The n-7* transitions related to P(B1) was observed at 320 nm, and
also polaron and bipolaron band formations at 400 nm and
670 nm, respectively. As emphasized, the band gap (E;) was calcu-
lated as 3.24 eV for the polymer. The oxidized form of P(B1) pos-
sesses an absorption maximum at 400 nm, which corresponds to
an light blue color. Increasing the degree of oxidation in P(B1)
gradually increases the absorbance intensity at 670 nm, and simul-
taneously, shifts a bit this band to shorter wavelength (hyp-
sochromic shift or shift to blue), which corresponds to the
presence of positive carriers and the formation of fully doped poly-
meric chains. As the doping level increased, the sub-gap absorption
grew at the expense of the 7—x* transition [47]. The color changes
of the synthesized polymer films both in 0.05 M LiClO,4 supporting
electrolyte in AN/BFsEtE (1:1, v/v) and an AN/LiClO, solvent/elec-
trolyte systems at the various potentials are also shown as insert
figure of Fig. 5. Fig. 5a is related to the color and absorbance
changes of the polymer film in an AN/LiClO, solvent/electrolyte.
Also, Fig. 5b is related to the color and absorbance changes of the
polymer film in 0.05M LiClIO, supporting electrolyte in
AN/BF3EtE (1:1, v/v).

3.5. Electrochromic performance and redox stability of P(B1)

The ability of a polymer to switch without delay and exhibit a
sharp color change are very significant. Double potential step
chronoamperometry was carried out to estimate the response time
of the polymer film. The potential was stepped between fully oxi-
dized and neutral states of the polymer film with a residence time
of 5 s. During the experiment, the percent transmittance (%T) at the
wavelength of maximum contrast was measured using a UV-vis
spectrophotometer. The measurements were conducted using a
single wavelength with obviously changing absorption intensity.
The polymer film was deposited onto the ITO-coated glass slides
under constant potential conditions, as mentioned above, and its
absorbance was monitored at /,,x While switching between poten-
tials. For P(B1) maximum contrast (%T) and switching time were

measured from Fig. 6 as 43% and 4 s for 670 nm by stepping the
potential between 0.0 and +1.2 V with a residence time of 5s.
The stability of the redox states during the scans is the most prop-
erty for an electro-active polymer to be useful in constructing new
electrochromic devices [32,33,35,39,48]. Additionally, the ability of
a material to exhibit a noteworthy color change is important for
electrochromic applications. The synthesized electrochemical
polymer on ITO-glass exhibits a transparent color in the reduced
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Fig. 6. (a) Electrochromic switching of the optical absorbance of P(B1) at 670 nm in

the presence of 0.1 M LiClO4 in AN/ BF;EtE (1:1, v/v) and (b) profiles of the device
recorded during double step spectrochronoamperometry.
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states and a blue color in the oxidized states. The switching graph
of P(B1) is given in Fig. 6.

Redox stability of the electro-active polymers towards multiple
redox switching usually limits the utility as the electrochromic
materials in electrochromic devices (ECDs) applications [46]. The
main reasons for failure of electrochromic materials are high
applied voltages and environmental conditions. To test the stabil-
ity of the polymer, the potential was swept repeatedly between
—1.0 and +1.2 V with a scan rate 400 mV/s. Between the first and
500th cycles there was a bit decrease in the current, and also this
decrease or a loss of field was calculated as 4%. As a result, it can be
said that the polymer has a high stability and it could be used in
electrochromic devices (ECDs) applications (see Fig. 7).

The in situ polymerization kinetics related to the synthesized
polymer was performed. According to this process, a constant

potential of +1.2 V was applied to the polymer film by performing
an absorbance measurement for per 10s. These measurements
were conducted for both 385 and 670 nm at two maximum absor-
bance wavelengths. Additionally, it can be said that the polymer-
ization increases linearly up to 40 s in course of time and after
40s, the polymerization increases linearly with the square root
of the time. This is shown as insert figure of Fig. 8. This means that
the polymerization is not controlled diffusion until 40 s and after
40 s the polymerization is controlled diffusion due to the formed
double layer.

4. Conclusions

The named polymer as poly-bis-4-(9H-carbazol-9-yl)
phenyl-3,4-diyloxy thiophene P(B1) was synthesized via electro-
chemical polymerization. This process was performed both in
0.05M LiClIO4 supporting electrolyte in AN/BFsEtE and an
AN/LiCIO4 solvent/electrolyte solution namely the absence of
BF3EtE. The synthesized polymer had a blue color when it was oxi-
dized, and when it was reduced it had a transparent color.
Additionally, scan rate study dependence of the peak currents
was conducted at a constant potential of +1.2 V during 200 s. The
scan rates for the anodic and cathodic peak currents showed a lin-
ear dependence as a function of the scan rate. The spectroelectro-
chemical measurements of the polymer film were performed, and
the maximum absorbance wavelengths were determined as 320
and 670 nm. Also, the optical band gap was calculated as 3.24 eV
for the polymer film. The electrochromic performance of the syn-
thesized polymer was determined, and also its maximum contrast
(%T) and switching time were measured as 43% and 4 s at 670 nm
by stepping the potential between 0.0 and +1.2 V with a residence
time of 5s. According to redox stability measurements, the poly-
mer had a high stability and it could be used in electrochromic
devices (ECDs) applications. Additionally, it can be said that the
synthesized polymer could be a good candidate for the elec-
trochromic display with relatively low potential (+1.2 V) due to
the switching ability of this polymer.
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